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This paper addresses the impact of California phase 2 reformulated gasoline (RFG) on motor vehicle emissions. Phase 2 RFG was introduced in the San Francisco Bay Area in the first half of 1996, resulting in large changes to gasoline composition. Oxygen content increased from 0.2 to 2.0 wt%; and alkene, aromatic, benzene, and sulfur contents decreased. Gasoline density and 7"5o and Ts0 distillation temperatures also decreased. Light-duty vehicle emission rates were measured in a Bay Area roadway tunnel in summers 1994-1997. Vehicle speeds and driving conditions inside the tunnel were similar each year. The average mode[ year of the vehicle fleet was about one year newer e~ch successive summer. Large reductions in pollutant emissions were measured in the tunnel over the course of this study, C~L~e to a combination of RFG and fleet turnover effects. Between summers 1994 and 1997, emissions of carbon monoxide decreased by 31 :E 5%, non-methane volatile organic compounds (VOC) decreased by 43 ± 8%, and nitrogen oxides (NOx) decreased by 18 ± 4%. was difficult to separate clearly the fleet turnover and RI:G contributions to these changes. NevertheJess, it was clear that the effect of RFG was greater for VOC than for NO,. The RFG effect on vehicle emissions of benzene was estimated to be a 30-40% reduction. Use of RFG it.creased formaldehyde emissions by about I0%, while acetaldehydf,~ emissions did not change significantly. RFG effects repoJ'ted here may not be the same for other driving conditions or for other vehicle fleets. RFG effects on evaporative emissions are also important. The combined effect of phases 1 and 2 of California's RFG program was a 20% r~.=duction in gasoline vapor pressure, about onefifth of which occurred following the introduction of phase 2 RFEi. one-tenth as much carbon monoxide (CO), volatile organic compounds (VOC), and nitrogen oxides (NOD compared cars sold 25 years ago. Despite this progress, increased vehicle travel and poor vehicle maintenance have offset some of the expected air quality benefits. To achieve acceptable air quality, additional motor vehicle pollution control measures are needed. In recent years, there has been considerable interest in reformulating gasoline to make it a cleaner-burning fuel.
Use of reformulated and oxygenated gasoline was mandated in the 1990 Clean Air Act Amendments (4). Oxygenated compounds such as methyl tert-butyl ether (MTBE) and ethanol have been added to gasoline during winter months to reduce CO emissions. Numerous studies reporting on the emission impacts of oxygenated gasoline programs have been reviewed by Howard et al. (3) . Further reformulation gasoline composition to reduce emissions of ozone precursors (VOC and NO~) is required in areas with severe ozone air pollution problems. While reformulated gasoline (RFG) use is currently required in only three areas in CaLifornia (San Diego, Los Angeles, and Sacramento air basins}, storewide reformulated gasoline program has been implemented by the California Air Resources Board.
In phase 1 of the California program, effective 1992, the maximum allowed Reid vapor pressure (RVP) of gasoline sold during summer months was reduced from 9.0 to 7.8 psi, the use of lead in gasoline was eliminated, and the use of detergent additives to control engine deposits was required (5). Phase 2 of the California program took effect in the first half of 1996 and required more extensive changes to gasoline properties (6, 7) . These changes included further reduction of summertime RVP to 7.0 psi maximum; reduction of benzene, total aromatic, olefin, and sulfur contents in gasoline; addition of oxygenates; and reductions in distillation temperatures, Tso and Tgo. Refiners can choose either to produce gasoline with a prescribed formula, as indicated in Table 1 , or to use a predictive model to establish alternative gasoline formulations that result in equivalent or greater emissions reductions (TL Estimates of the effect of phase RFG on vehicle emissions, including cold-start, running exhaust, and evaporative emissions, are reductions of VOC by 17%, NO~ and CO by 11%, and toxic air contaminants by 30% in its first year of use (7).
The Auto/Oil Air Quality Improvement Research Program (8-10) demonstrated through laboratory testing that vehicle emissions can be reduced by modifying fuel properties. Tests were conducted using a stop-and-go urban dynamometer driving cycle, and gasoline composition was carefully controlled in each test. Individual and combined effects of changes in gasoline properties on exhaust emissions were examined. However, fuel effects were determined for only a small number of well-maintained, low-emitting vehicles, whereas on-road emissions are dominated by small numbers of gross-polluting vehicles (IlL Since the effects of fuel changes on emissions from gross-polluting vehicles could not be characterized definitively (12) , the Auto/Oil results may not be indicative of RFG effects for the in-use vehicle fleet (3) .
To complement the results of dynamometer studies, the effects of changes in fuel composition on vehicle emissions can be determined in on-road settings. For example, remote sensing (13, 14) and tunnel (15, 16 ) studies have investigated the impact of modifying fuel properties on exhaust emissions from thousands of in-use vehicles, including gross-polluters, driven under real-world conditions. Tunnel studies, in particular, are well-suited for measuring the effects of reformulated gasoline because many pollutants can be measured, including CO, VOC, NO=, and individual toxic compounds.
The objective of this study was to determine the emission impact of California phase 2 REG. Vehicle emissions were measured in a San Francisco BayArea roadway tunnel during the summers prior to and after the introduction of REG. Each summer, the composition of gasoline sold in the Bay Area was determined. The impact of P, FG on mass emission rates is examined here. The effect of RFG on the speciation and reactivity of exhaust and evaporative VOC emissions is addressed in a companion paper (17) .
Experimental Sect±ca
Gasoline Sampling and Analysis. Gasoline sold in the San Francisco BayArea was collected and analyzed by Southwest Research Institute. Measured gasoline properties included RVP; density; aromatic, alkene, alkane, oxygenate, sulfur, and benzene contents; and distillation temperatures including Tso and T~o. For this study, fuel survey data were obtMned for regular, mid-, and premium grade gasoline samples collected during summers 1994-1997 (18) . Eachyear, about 35 gasoline samples of major gasoline brands were coUected at service stations in Concord and San Francisco in July and August, respectively.
Field Site. Vehicle emissions were measured at the Caldecott tunnel during summers 1994-1997. Located east of San Francisco Bay on state highway24, the Caldecott tunnel is heavily used during commute hours. It runs in the eastwest direction connecting cities in Conga Costa County with Oakland, Berkeley, and San Francisco. The tunnel comprises three two-lane tr~c bores, is 11O0 m long, and has a roadway grade of +4.2% in the eastbound direction. Forced transverse ventilation along the length of the tunnel is provided by adjustable pitch fans housed in purtal buildings above the entrance and exit. Additional longitudinal ventilation is induced by the flow of vehicles and by prevailing westerly winds. A schematic of the Caldecot~ tunnel is avMlable elsewhere (lb0.
Traffic direction is always westbound in the northernmost bore and always eastbound in the southernmost bore. To accommodate large traffic volumes during weekday rush hour periods, the center bore of the tunnel carries westbound traffic toward San Francisco in the morning and eastbound traffic in the ~temoon. Field sampling was conducted in the center bore during a~emoon hours when vehicles traveled in the eastbound (uphill) direction toward Contra Costa County. Traffic was monitored, and pollutant concentrations were measured during the afternoon commute period from 1600 to 1800 h on I0 or more days in each summer from 1994 through 1997o On 3 days in summer 1996 and 4 days in summer 1997, additional measurements were made earlier in the afternoon, starting at 1300 h, before the afternoon peak traffic period.
Traffic Monitoring. The vehicle fleet traveling through the center bore of the Caldecott tunnel was monitored on all days when emissions were measured. Visual counts were used to determine traffic volumes and composition. Vehicles were assigned to one of three categories: cars; light-duty trucks including pickups, sport utility vehicles, and small vans; and heavy-duty vehicles. License plate surveys were conducted to determine the age distribution and the fuel type of the vehicles being monitored. License plates were recorded using a Hi-8 format video camera and were later matched with vehicle registration data. Driving conditions inside the tunnel were monitored by following traffic with a chase car. Average vehicle speed was determined using the tunnel length and measured transit time for each "drivethrough". Two hundred fifty drivethroughs were conducted during summers 1995-1997. In addition, an instrumented vehicle that logged speed at 1-s intervals was used in summer 1996 to measure the speed profile inside the tunnel. Finally, a video camera was used each summer to record a wide view of all traffic exiting the tunnel.
Pollutant Measurements. Pollutant concentrations were measured in the traffic tube ~50 In before the tunnel exit and in the clean background air which was injected into the tunnel by the ventilation fans. Concentrations of CO2, CO, and NOx were measured continuously. COz and CO concentrations were quantified using infrared gas filter correlat.ion spectrometers, and NO= concentrations were measured by chemiluminescence. Continuous air monitoring data were recorded as 5-rain average concentrations. Using traceable gas standards, zero and span checks were performed several times a week on each analyzer. Two-hour integrated air samples were collected in 6-L stainless steel canisters for subsequent analysis to quantify MTBE and hydrocarbon concentrations. Similarly, 2-h integrated samples were collected using DNPH-impregnated silica cartridges for subsequent analysis to quantify carbonyl concentrations° Since ozone has been shown to interfere with the quantification of carbonyl concentrations (19) , potassium iodide ozone scrubber was placed upstream of the silica caru'idge used to collect carbony| samples from the ventilation intake air. This was not necessarywhen collecting carhonyl samples in the tunnel because any ozone drawn into the tunnel is rapidly removed by reaction with nitric oxide. Hydrocarbon and carbonyl samples were collected on|y during the 1600-1800 h sampling periods.
?fir samples collected in the canisters were analyzed with a Perkin-Elmer Model 8500 GC equipped with FID to determine totM nonmethane hydrocarbon (NMHC) concentrations. Somples were preconcentrated using a Nutech Model 8548 cl3,ogenic concentrator and injected into the GC, An analytical column was not used. The oven temperature was held at 105 °C for 5 rain. Total NMHC in the sample was determined by comparison of peak area to that of an NIST certified propane standard. Methane, MTBE, and speciated NMHC concentrations were determined following the procedure outlined in Kirchstetter et al. (I 7) .
During the 1994 field campaign, it was found that 1,3-butad/ene was unstable in tunnel hydrocarbon samples when carfisters were stored for several weeks prior to analysis (153. Therefore, no measurements of butadiene concentrations are reported for 1994. In summers 1995-1997, canisters were uslmlly analyzed in the laboratory within 24 h of sample collection to minimize loss of 1,3-butadiene.
After each 2-h sampling period, DNPH-cartridges were eluted with 5 Jail of acetonitrile, and the extracted samples were stored in tightly capped #ass vials in a refrigerator. All elufions were completed within a few hours of sample co!lection. At the end of each year's sampling program, the extracted samples were analyzed by high-performance liquid cbxomatography (HPLC) using a procedure nearly identical to that developed for the Auto/OilAir Quality Improvement Research Pro[Tam (20) . Carbonyl samples were analyzed by Hoekrnan and co-workers (21-23) at Chevron Research and Technology Co. from 1994 to 1996 and by Fung {24) in 1997.
QualLityAssuranee. Each summer, the QuatityAssurance Section of the C_,alffomia Air Resources Board (ARB) conducted performance audits of the CO and NOx analyzers used at the C~ldecott ttmnel. In all cases, the analyzers were found to operate well ~Mthin ARB's :k15% control limits. Tunnel CO acd NOx analyzers were always accurate within ±2 and ±5%, re.~pectively.
Measured total NMHC concentrations were compared with independent analyses of tunnel air samples collected in parallel, hadependent ana/yses were performed by the Monitoring ~ad Laboratory Division of the ARB (25, 263, Desert Resesxch Institute (27) , and Rasmussen (28) . Six comparisons were made in summers 1995-1997. Total N MHC concentratiens reported for samples collected in this study were between 1 and 9% higher than the values reported by the other investigators.
Results
G;~soline Prolperfles. Average San Francisco BayArea gasoline properties derived from fuel survey data for summers 1994-1997 are shown ha Table 1 . Also shown are the fiat limits for California's phase 2 RFG program, which took effect in the f~rst half of 1998. As expected, significant changes to gasoline occurred between summers 1995 and 1996. Large changes included decreases in benzene, olefin, and aromatic contents mad an increase in oxygen content to 2.0 ± 0.3 wt %. Distillation temperatures, Tso and Tg0, and gasoline density also decreased between 1995 and 1996. Gasoline properties shown in Table 1 did not change between summers 1994 aad 1995, or between summers 1998 and 1997, with the exception of changes to sulfur and oxygen content discussed below.
A trend toward lower sul~ttr content in gasoline was already evident in sra-nmer 1995. The magnitude of the reduction in stflfur eontent was comparable between 1994 and 1995 and
1995-1996. In the earlier two years, there was large brandto-brand variabilityin gasoline sulfur levels, whereas by 1996 all gasoline samples had low sulfur content (<40 ppmw).
Oxygen content in gasoline was low in summers 1994 and 1995 and then rose dramatically in 1996, as indicated in Table 1 . Compared to 1996 levels, average oxygen content decreased to 1.6 ± 0.6 wt % in 1997 and showed greater variability across gasoline brands and grades, with some gasoline samples having very low oxygen content. Presumably, Bay Area refiners used California's predictive model (7) to determine modifications to other fuel properties to compensate for reduced use of oxygenate in summer 1997.
The predominant oxygenate found in gasoline was MTBE. Small amounts of tert-amyl methyl ether (TAME) and methanol, typically < 0.1 vol %, were detected in some 1998 gasoline samples. In 1997, some gasoline samples contained greater amounts of TAME, which contributed about 5% of the oxygen content found in gasoline overall. The remaining 95% of the fuel oxygen content continued to be supplied in the form of MTBE.
Fuel Economy. The volumetric energy content of gasoline is a good predictor of fuel economy (29) . Reformulation may decrease fuel economy by lowering the energy content of gasoline. For example, the energy content of MTBE (26 MJ L-~), as measured by its lower heating value (LHV), is less than that of conventional gasoline (33 M] L-~). To estimate the effect of phase 2 RFG on fuel economy, heating values were computed using the detailed chemical composition of regular and premium grade gasolines collected at highvolume service stations in Berkeley (17) . Heating values were calculated using the following equation
where LHV is the lower heatirlg value (J L-Z), Of is the density of gasoline (g L-Z), w, is the weight fraction of compound in gasoline, and Ah~,~ is the enthalpy of combustion of compound i (/ g-Z). Enthaipies of combustion for each compound in gasoline were calculated from tabulated enthaipies of formation (30) assuming complete combustion to carbon dioxide and water vapor, and are reported as Supporting Information in ref 17. Overall, the LHV of gasoline decreased from 32.8 MJ L -1 in 1995 to 31.7 MI L -x in 1996, mainly due to a decrease in gasoline density and addition of MTBE. This decrease in the volumetric energy content of gasoline corresponds to a ~3% decrease in fuel economy for most vehicles (29) .
Traffic Characteristics. Attributes of the traffic that traveled through the Caldecott tunnel from 1600 to 1800 h are presented in Table 2 . The number of vehicles traveling through the tunnel, ~8400 during each 2-h sampling period, was consistent on all sampling days across all four summers. Traffic consisted of light-duty vehicles almost exclusively because heavy-duty vehicles were required to use other tunnel bores. Heavy-duty trucks comprised <0.3% of the vehicles in the center bore in each year. About two-thirds of the vehicles were cars, and the remainder were pickups, sport utility vehicles, and small vans. A gradual increase was seen between 1994 and 1997 in the fraction of light-duty trucks, as indicated in Table 2 .
Each summer, the average vehicle model year was about one year newer. The average vehicle age was ~7 years in all cases. Pre-1980 model year vehicles comprised about 4% of the fleet; pre-1975 vehicles comprised 2% or less of the fleet each summer. The light-duty fleet was almost entirely gasoline-powered; the fraction of vehicles identified as dieselfueled ranged from 1 to 2%. Therefore, >95% of the vehicles in the tunnel were originally equipped with catalytic converters. Instrumented vehicle measurements conducted in 1996 provided additional information about dri~xig conditions. Figure 2 shows the average speed profile of the instrumented vehicle measured during 26 trips through the tunnel from 1600 to 1800 h. Average speed was 52 km h -~ at the entrance and 69 km h -~ at the exit of the tunnel. Speeds were slower at the entrance because heavy congestion during the afternoon peak traffic period resulted in a queue of vehicles ahead of the tunnel entrance. Vehicle speeds beyond the middle of the tunnel were more uniform than in the first half of the tunnel. The driving pattern depicted in Figure 2 was very repeatable. Heavy accelerations and stop-and-go driving were seldom observed. Figure 3 Figure 3 for comparison with the driving conditions in the tunnel. Most of the driving in the tunnel occurred within a small range of speeds and accelerations, which were largely within the FTP domain. Nearly all points that were outside of this domain were due to higher accelerations. For some vehicles, this may lead to earicbment of the air/fuel mixture.
Driving conditions earlier in the afternoon differed from those observed from 1600 to 1800 h. Traffic volume from 1300 to 1500 h averaged 2740 :i: 660 and 2620 ± 520 vehicles per hour in 1996 and 1997, respectively, which was about 60% of the 1600-1800 h volume. Since traffic was lighter, there was no queue of vehicles waiting to enter the tunnel. Vehicles typically entered, traveled through, and exited the tunnel at about the same speed. Vehicle speeds measured from 1300 to 1500 h during 50 additional drivethroughs were 79 ± 7 and 81 =t: 7 km h -z in summers 1996 and 1997. These were ~20 km h -1 faster than typical vehicle speeds observed from 1600 to 1800 h.
Traffic volume was lower and vehicle speeds were higher during the 1600-1800 h sampling period on August 6, 1996 relative to conditions observed on other days due to a closure of multiple lanes on the San Francisco-Oakland Bay bridge, which is located to the west of the tunnel. Average traffic volume during this sample period was 3910 ± 210 vehicles per hour; the average speed was 71 4-11 krn h -~, about 10 km h -z faster than usual. Therefore, measurements of vehicle emissions on August 5 were excluded from the calculation of summer 1996 emission factors.
The vehicles observed in this study were operating in a warmed-up, or hot-stabilized, mode. There are two nearby on-ramps that serve highway 24, at distances of 0.3 and 1.0 km from the western end of the tunnel. The nearer on-ramp is close enough to allow some vehicles to enter the tunnel while operadngin cold-start mode, but this on-ramp directs traffic into the southernmost bore of the tunnel, not the center bore where measurements for this szudy were made. Vehicles Speed (km h")
RGURE 3. $econd-byosecond acceleration vs speed plot fur driving inside the Celdecott tunnel during summer I~ (1600-1800 h). Accelerations have been increased to account for the 4.~'/. uphill grade (see text). Also shown is the outer boundary of the domain of dz,iving conditions experienced during the Federat Test Procedure (FTP) emissions certification test.
merging onto highway 24 via the further on-ramp are exiting another highway and are therefore already warmed-up. Moreover, the overwhehning majority of vehicles that use the tunnel during the afternoon commute travel longer distances before entering the tunnel. PoUumm Concentrations. Background-subtracted polh~Cant concentrations measured during summers 1994-1997 at the Caldecott tunnel are presented in Table 3 . Pollutanc oncentrations measured inside the tunnel were much higher than in background air. Concentrations of CO, NO~, and I~HC were typically 25, 30, and I0 times higher in the mmael air compared to background air. In all years, background concentrations of CO and NOx were very low and indicated that there was little or no recircttlation of turmel exhaust air back to the ventilation intake. For example, background CO concentrations were typically less than 2 ppm. Measured background CO~ concentrations in summers 1996 and 1997 were 383 ± 36 and 380 :t: 13 ppm, respectively. In 1994 and 1995, background CO2 concentrations were not monitored continuously, so a typical concentration of 380 ppm was used to compute background-subtracted values of COz shown in Table 3 Pollutant concentrations were measured in the tunnel air and in the background air injected into the tunnel by the ventilation fans. Shown here are background-subtracted values, b Not available. = Traffic speeds were unusually high on August 6, 1996 during the 1600-1866 h sampling period, so pollutant concentrations measured on this day were excluded from the calculation of emission factors. Table 3 . Emission factors were computed as mass of pollutant emitted per unit volume of gasoline burned using the following equation
ARC02] -t-A[CO} + A[VOC]~/IV~pÃ
[P]
/,~,v~VVc/ where Ep is the emission factor for pollutant P (g L-l}, A [P] is the increase in the concentration of pollutant P above background levels (ppm), MWp is the molecular weight pollutant P (g mol=l), MWe = 12 g tool -1 is the molecular weight of carbon, we is the carbon weight fraction in gasoline, and pf is the densit F of gasoline (g L-I). NO~ emission factors are reported as NO2 (i.e., a molecular weight of 46 was used in eq 2), even though NO constituted ~99% of the NO~m easured in the tunnel. Since the FID is known to give a partial response m MTBE, equal to 86% of propane's response on a per-carbon basis (3J), NMHC concentrations reported in Table 3 include a small contribution from MTBE. True NMHC concentrations were calculated by subtracOng 86% of the directly measured MTBE concentrations (ppbC) from reported total NMHC concentrations measured by FID. NMHC emission factors were then computed assuming 14 g per mol of C. Non-methane organic carbon (NMOC) emission factors were calculated as the sum ofNMHC, MTBE, and formaldehyde emission factors. Additional contributions to total NMOC mass from other aldehydes and ketones were negligible. Gasoline densities used in eq 2 were obtained from fuel survey data shown in Table 1 were 0.87 and 0.85, respectively. The lower carbon weight fraction for the more recent summers is a result of having 2% oxygen by weight in gasoline. Emission Trends° Average emission factors of regulated and toxic air pollutants measured each summer are shown ir: Figures 4 a'ad 5. Note that emission factors for CO, benzene, and formaldehyde (HCHO) shownin these figures have been c[~vided by a factor of 10. Within each year, emission factors were consist~mt from one day to the next, as reflected by the confidence i'atervals shown on the figures. This day-to-day oansistency was expected because driving conditions were similar, and many of the same commuter vehicles traveled Olrough the 1mmel each day. Emission factors for butadiene, which was found to be unstable in stainless steel canisters during tunnel sampling in 1994 (15) , showed larger day-today variability.
Year-to-year and overall changes in emission factors from 1994 to 1997 are reported in Table 4 . Whereas vehicle emissions shown in Figures 4 and 5 are expressed per unit volume of fuel burned and have not been adjusted to account for the 3% decrease in fuel economy due to RFG use, changes in vehicle emission rates reported in Table 4 do account for changes in fuel economy. Measured emission factors for 1995 and 1997 were multiplied by 1.03 to account for the 3% decrease in fuel economy relative to 1994 and 1995. Thus, values shown in Table 4 emissions per kilometer of vehicle travel.
As indicated in Figures 4 and 5, and in Table 4 , vehicle emissions were significantly lower in 1997 than in 1994. Over the course of this study, emissions (per km of vehicle travel) decreased by 18% for NOx; 31% for CO; ~45% for NMOC, HCHO, and acetaldehyde; and 67% for benzene. Butadiene was not measured in 1994; however, the emission factor for butadiene in 1997 was 26% lower than in 1995o For all pollutants except formaldehyde, a significant portion of the overall decrease in emissions occurred between 1995 and 1996, which is when most of the changes to gasoline composition occurred. Emission factors also changed between 1994 and 1995 and 1996-1997, when most gasoline properties were comparatively stable. For example, decreases in CO and NO~ between 1994 and 1995 were comparable to decreases between 1995 and 1996.
Temperature Effect. Ambient air temperature may influence vehicle emissions. For instance, greater use of air conditioning on hotter days increases engine load. Average 1600-1800 h temperatures in Berkeley, near the Caldecott tunnel, were 18, 20, 20, and 19 °C during sampling periods in summers 1994-1997, respectively (32). The differences from year to year were negligible. In fact, afternoon temperatures varied much more from day to day within each summer than they did from one summer to the next. For example, the maximum and minimum afternoon temperatures during sampling in summer 1995 were 27 and 15 °C, but there was no correlation between air temperature and emission factors (normalized to fuel consumption) measured at the tunnel. It is unlikely that air temperature had any effect on year-to-year changes in emissions measured in this study.
Emissions vs Driving Condition, Emission factors for CO and NOx are plotted as a function of tL~e of day in Figures  6 and 7 . For both pollutants, emission factors decreased steadily during the course of the afternoon° Average CO and NO~ emission factors measured from 1300 to 1500 h were about 40 and 20% higher, respectively, than from 1600 to 1800 h. This trend is attributed to the decrease in vehicle speeds during the course of the afternoon. As noted above, vehicle speeds were ~20 km h -1 faster from 1300 to t500 h compared to the later 1600-1800 h sampling period.
Vehicle speeds during the 1600-1800 h sample period on August 6, 1996 were about 10 km h -1 higher than usual°M easured CO and NO~ emission factors for this period were 15 and 4% higher, respectively, than the average 1600-1800 h emission factors measured on all other days in 1996. These changes are consistent with emissions trends during the period from 1300 to 1800 h described above. NMOC emissions on August 6 were 15% lower than the average for the other sampling clays in summer 1996.
The CO emission factor exhibited a more pronounced trend than did the NOx emission factor, indicating that CO emissions were more sensitive to changes in enl~e load and air/fuel ratio. Fuel enrichment was probably more common from 1300 to 1500 h and during the high-speed event of August 6, 1996 than during the typical 1600-1809 h period when most of the driving occurred within the domain of the FTP city driving cycle (see Figure 3) . The same decreasing trend in CO and NOx emissions factors was observed over the course of the afternoon in both 1996 and 1997 and was expected since the same pattern of increasing traffic volume and decreasing average speeds from 1300 to 1800 h was observed in both years.
Discussion
Vehicle emissions were measured during four consecutive summers, 1994-1997, to quantify emission changes between summers 1995-1996 which spanned the transition to phase 2 RFG use, and to measure the impact of fleet turnover on vehicle emissions between summers 1994-1995 and 1996-1997 when gasoline composition was expected to be relatively stable. It was anticipated that changes in emissions between summers 1995-1996 would express the combined effects of RFG use and fleet turnover and that the RFG effect could be separated using measurements of the effect of fleet turnover alone.
Replacement of older vehicles with newer ones that have more robust emission controls and meet increasingly stringent emissions standards reduces fleet-average emissions. This is supported by a study of long-term vehicle emission trends aa highway tunnels prior to the introduction of reformulated gasoline, which indicates that fleet turnover is the primary cause for reductions in on-road light-duty vehicle emissions (33)° Light-dutyvehicle emissions of CO decreased an average of 8.5% per year over the period from 1981 to 1992 (33) . The vehicle fleet traveling in the Caldecott tunnel was newer during each successive summer that measurements were conducted (see Table 2 ). Thus, it is expected that fleet turnover contributed to the measured changes in emission factors.
Although it was expected in this study that changes in emission factors between 1994-1995 and 1996-1997 would be the result of fleet turnover alone, it appears that changes in fuel composition also may have been important. Assuming, for example, the 17% decrease in CO emissions measured at the Caldecott tunnelbetween 1994 and 1995 was due entirely to fleet turnover would be inconsistent with long-term trends in vehicle emissions measured in other tunnels (33~. Additionally, Califorrda's motor vehicle emission factor model, EMFAC version 7F, predicts only a 5-7% reduction in running exhaust emissions of CO, VOC, and NOr due to fleet turnover between 1993 and 1994 when fuel properties were stable.
Gasoline sulfur content decreased by about 50 ppm between 1994 and 1995 (see Table 1 ). Experiments conducted during the Auto/Oil program indicate that reductions in gasoline sulfur content alone can have a significant impact on emissions, even when sulfur content is already low (34) . Average hot-stabilized NMHC, CO, and benzene emissions from ten 1989 model year vehicles decreased by 32, 29, and 57% when gasoline sulfur content was reduced from 138 to 44 ppm. Average stabilized formaldehyde and acetaldehyde emissions also decreased significantly ha the same test, and NO= emissions remained about the same. Therefore, changes in gasoline sulfur content may have affected emissions measured in the tunnel between 1994 and 1995, although the magnitude of the sulfur effect on the in-use fleet is tuacettain.
Between summers 1996 and 1997, gasoline oxygen content decreased from 2.0 ± 0.3 to 1.6 =E 0.6 wt %; MTBE content decreased by about 2.8 vol %, whereas alkane content in gasoline increased by about the same amount. Previous onroad studies indicate that addition of oxygenates to gasoline, in combination with other changes to fuel properties such as a decrease in aromatics content, led to reduced CO and N MOC emissions . In the Caldecott tunnel, Kirchstutter at aL fib-) measured decreases in CO and NMOC
PM
emissions of about 12 and 11%, respectively, perwt % increase in gasoline oxygen content. NOx emissions were not affected (153o The decrease in Bay Area gasoline oxygenate content between 1996 and 1997 may have affected emissions, but since other fuel properties such as sulfur and aromatics content did not change much during this period, the impact was likely less than a 4-5% increase in CO and NMOC emissions, offsetting some of the potential reductions due to fleet turnover. This may explain why CO emissions did not change between these years. It is unclear, however, why measured NMOC emissions decreased over the same period. In conclusion, emission changes between summers 1994-1995 and 1996-1997 may be the result of both feet turnover and changes to gasoline composition. Thus, it would be inappropriate to use emissions changes during these periods to estimate the pure effect of fleet turnover. Use of emissions changes between 1994 and 1995 as an estimate of the fleet turnover effect could negatively bias an estimate of the RFG effect ff reduced gasoline sulfur content between 1994 and 1995 decreased emissions in the Caldecott tunnel. Any decrease in emissions between 1994 and 1995 due to reduced sulfur content should be included in, not subtracted from, estimates of the RFG effect. Similarly, use of emissions changes between 1996 and 1997 as an estimate of the fleet turnover effect may lead to an overestimation of the RFG effect. More precise estimates of the impacts of RFG would be possible ffthe fleet turnover effect was better understood.
Impact of Phase 2 RFG. Despite the uncertainties mentioned above, it was possible to reach several conclusions about the effects of RFG on vehicle emissions. For example, the impact of RFG was larger for NMOC than for NOx. NMOC and NO~ showed similar decreases between 1994 and 1995, whereas NMOC decreased nearly four times more than NOx between 1995 and 1996. A clear benefit of RFG use is reduced benzene emissions. Given the emissions changes reported in Table 4 , the estimated impact of RFG on benzene emissions was a 30-40% reduction. The large reduction in butadiene emissions between 1995 and 1996 also suggests a significant RFG impact. It is not clear why butadiene emissions increased between 1996 and 1997. The overall reduction in butadiene from 1995 to 1997 (26 + 17%) is likely alower bound estimate of the RFG benefit.Acetaldehyde emissions decreased about the same amount between each summer, indicating that there was no significant effect of RFG on acetaldehyde. An increase in acetaldehyde emissions would be expected if ethanol or ethyl tert-butyl ether (ETBE) were used instead MTBE (353.
Formaldehyde emissions increased between 1995 and 1996 despite the overall decrease in NMOC emissions, consistent with the increase in gasoline MTBE content (36) . As shown in Table 4 , formaldehyde emissions decreased substantially between 1996 and 1997. This decrease was due in part to the reduction in NMOC emissions and to lower MTBE levels in 1997 gasoline as well (see Table 1 ). In addition, use of different DNPH-impregnated cartridges in 1997 led to less stable sample air flow rates which may have biased 1997 carbonyl measurements. Using the change in formaldehyde emissions between 1994 and 1995 as an estimate of the feet turnover effect, the estimated RFG effect was a 12% increase.
Vehicle emissions of MTBE increased due to the introduction of reformulated gasoline. The emission factor calculated using eq 2 and MTBE concentrations shown in Table 3 increased from 26 + 4 mg L -1 in 1995 to 160 4-20 mg L -1 in 1996 and then decreased to 110 4-10 mg L -1 in 1997. The decrease in 1997 was the result of lower MTBE content in gasoline° Given that MTBE contributed 11 and 8% of gasoline mass in 1996 and 1997, respectively, and that gasoline density was ~740 g L -I, then it follows that only 0.2% of MTBE in gasoline escaped combustion during tunnel driving.
RFG effects reported here do not apply to the entire California vehicle fleet. In this study, emissions were measured from on-road vehicles operating in a warmed-up mode, under loaded conditions, traveling at moderate steady speeds. The effects of RFG on emissions under cold-start or stop-and-go city driving conditions and on other vehicle fleets may differ from those reported here and thus should be studied to assess more completely the impacts of RFG. The vehicle fleet in that tunnel was about 3 years older, on average, than vehicles observed traveling through the Caldecott tunnel in the present study.
Evaporative Emissions. The combined effect of phases 1 and 2 of California's RFG program is a reduction of gasoline vapor pressure by ~20%. About one-fifth of the overall reduction occurred between 1995 and 1996; most of the reduction occurred in 1992 in accordance with phase 1 RFG specifications. Refueling and diurnal evaporative VOC emissions are expected to be reduced due to reductions in gasoline vapor pressure.
While use of RFG is expected to reduce evaporative emissions, it should be noted that, with the exception of running losses, evaporative emissions are not captured or reflected in the results from tunnel sampling reported in this study.
Implications for Air Pollution ControL Amajor objective of California's RFG program is to reduce toxic compound and ozone precursor emissions from motor vehicles. Motor vehicles contribute about 90% of all benzene emissions in the San Francisco Bay Area (37}. Use of RFG led to much lower benzene exhaust emissions. Consistent with the large benzene reductions measured in the Caidecott tunnel, average benzene concentrations in Bay Area ambient air decreased 56% between summers 1995 and 1996 (37}.
Despite difficulties in separating the effect of RFG from feet turnover, this study indicated that RFG is more effective in reducing VOC emissions than it is in reducing NOẽ missions. Additional benefits of RFG were found when the reactivity of evaporative VOC emissions was considered (17) . When coupled with the fact that diesel engines contribute half or more of mobile source NO~ emissions (88-40), we conclude that California's RFG program is most attractive as an ozone control strategy in situations where ozone formation is VOC-limited. The RFG program is effective in reducing benzene emissions regardless of whether ozone formation is VOC or NOx-limited.
Substantial reductions in vehicle emissions were measured over a three-year period at the Caldecott tunnel. Both feet remover and RFG contributed to these reductions. Continued on-road surveillance is needed to track long-term trends in vehicle emissions. Determination of long-term emission trends would aid in the evaluation of emission control programs, such as new-vehicle emission standards and use of reformulated fuels.
